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DARK MAT TER

* Dark Matter comprises about 25% of our Universe
25% park Matter

* (Galaxy rotation curves i AN

* Gravitational Lensing 70% Dk Energ)

* Astrophysical and Cosmological evidence:

* Bullet cluster
* Dynamics of structure formation

* Velocity dispersion

van Albada et al 1985
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Four strategies for detection

* Astrophysical Evidence
* [ndirect detection

* Production at Colliders

www.mpi-hd.mpg.defavailable: | 0/3 /4]

* Direct Detection

Strategies: search for Dark Matter

Accelerator production Model particle

DM B ———— SM » Production

\ / in accelarators (LHC)

» Indirect detection:
Direct

* searchfor
detection annihilation/decay
products of y's (self-

/ \ antiparticle)
DM SM » Direct detection:
il

+  y-hucleus elaslic
Indirect detection scattering

All complementary

and important

S NV2010 Warszawa


http://www.mpi-hd.mpg.de

* Nature of DM Is unknown
* Many Frameworks exist
* Compelling paradigm:

Collisionless Cold Dark Matter

- CDM simulations extremely successful at large scales
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ﬂKcmb

Planck collaboration 2015: 1502.01582



Potential Problems with CDM
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Cusp-vs-cored
CDM predicts cusp density
profile, but data fit by cored

pl”Oﬂ'G, Weinberg et al: arXiv
1306.0913

The Missing Satellites Problem

Missing Satellites
CDM predicts

L
R satellites than
& observed

The Local Group LCDM simulation

Kautiman, White & Guiderdons 1993
Kiypin, Kravtsov, Valenzuela & Prada 1999, Moore et d. 1999

Too big to fall
CDM predicts
more

satellites than

observed.
Weinberg et al: arXiv
1306.09 1 3.

Boylan-Kolchin et al: arXiv
MNRAS 415,201 |

CDM predicts too Much Mass in Halos and Subhalos



* Warm Dark Matter(WDM)
BisiCPEriEs Detween HDM and CDM.

* WDM particles have masses ~keV and are ultra relativistic at
decoupling. At later times become non-relativistic.

* Free-streaming scale I1s higher than that for CDM =>

Primordial density fluctuations supressed compared to CDM. =>

| ess smaller galaxies (Satellites) formed.

° Proposed candidate -> Sterile Neutrino

«  Sommer-Larsden & Dolgov (1999)[Astrophys.). 551 (2001) 608-623]
+  Kamionkowski & Liddle (1999)[Phys.Rev.Lett. 84 (2000) 4525-4528]

- Narayanan, Spergel et al(2000)[Astrophys.]. 543 (2000) L103-L106] francis naulas com, AvalBlal08 IR L)



http://francis.naukas.com

B CiiRlficfacting Dark Matter(SIDM)
* DM particles with strong self-interactions.
* In early Universe, CDM and SIDM are same, collisions very small.

- After decoupling (self-scattering) collisions increase for SIDM => DM
particles scatter out from center of Halo.

+ Spergel & Steinhard(2000)[Phys.Rev.Lett. 84 (2000) 3760-3763]
«  Ostriker et al (2000)[Phys.Rev.Lett. 84 (2000) 5258-5260]
Dave et al (2000)[Astrophys.). 547 (2001) 574-589]
Buckley & Fox (2010) [Phys.Rev. D81 (2010) 083522]

+ Self Interacting WDM(SIWDM)

Hannestad & Scherrer(2000)[Phys. Rev. D, 62, 042522] @

Kavli IPMU, Available[08/24/15]

Based on work by Hochberg,
Murayama et al (2014)




Self-Interacting Dark Matter (SIDM) Contd.

M, =4.2 x10% M Weinberg et al:
arXiv 1306.0913

10° s .
Collisionless CDM
10°) T
<
< 10
Self—interacting DM Solves some
103 discrepancies in CDM:
cusp-vs-cored
2
10 10 10°
rlkpc/h)

* Spergel and Steinhardt (2000): 0.5cm?/g < Oy, /M, < 6cm?/g
8.9%10!'pb/GeV < Gy /M, <I.1x10'3 pb/GeV
* Wandelt et al (2000): 0.1cm?/g < Gyy/M, < 6cm?/g

» Matter distribution of Bullet Cluster (Randall et al, 2008) & kinematics of
dwarf spheroidal galaxies (Zavala et al, 201 3) place limits on Gy,/M,



SIDM effective if 0.1cm?/g < Oy /M, < |.25cm?/g

Le. 1.79% 10! pb/GeV < Oyy/M, < 2.22%10'? pb/GeV

» Very recently (April 2015), evidence for DM self-interactions from Abell
BN assey/ et al. 201 5 & Karlhoter et al. 2015,

» Observed lagging halo after merger of 4 galaxies in the
Cluster.

» Gravitational Lensing were able to constrain self interactions
strength.

Oy /My ~1.5 cm?/g



Nature of DM => UNKNOWN

* Single component?
 Kamionkowski et al(1987), Bergstrom. L (2000), Bertone et al (2005). (Review)
+ Many different scenarios of DM.

» Agashe et al. [JCAP 1410 (2014) 0]
= Sn=cc R REAR 5020201 5) 02, 005]

Self Interacting ¢
* Single component?
e incretaliiRnysiReve D80 (2009) 063501

- Alberquerque et al. [J[CAP 1402 (2014) 04/]
B Enicnic AR 4110 (2014 [0,049]

. DM with Self-interactions
* Kong, GM & Park (2014)



BASIC SETOH

» Two species of DM: Pa and Pewith Ma > Mg (eg. U(1)' @ U(1)")
* Pa Is dominant and has no direct coupling to SM

* \Pgis sub-dominant, direct coupling to SM

e
3

A

A

Boosted
LM

/X . U(I)’ interaction

Kong, GM & Park, 2014.




EAOIC FEATUIRES

* Relic density of YPa s set by annihilation into Ps

wAw_A — wB w_B Assisted Freeze-out Mechanism:

Belanger & Park
JCAP 1203(2012)038

* Annihilation products, YPg are boosted with factor y = Ma/Mg

* ‘Boosted Dark Matter’

* Indirect detection of Ya through boosted WYe

A B Agashe et al (arXiv: 1405.7370)

L abavis

SUVabpYEha
(b) Kong, GM & Park, 2014,



* Detect boosted g through its interaction with SM
1

L D — 5 Sln € X/U/F'uy Interaction of photon with hidden Boson

* Via kinetic mixing of SM photon with hidden ‘Dark’ X
* Direct detection of boosted WP through SM

* Indirect-direct detection of Pa

Smoking Gun B
for Non-Minimal
DM sector,

(¢) Kong, GM & Park, 2014



BN FROM GALACTIC CENGEES

et al[[CAP 410 (2014) [0] examine tlux of BRMANIEENESRE
annihilation of Pa

- Calculate Flux using NFW density profile

<0 v > ZOGeV
(I) . 9 9 10 —2 1 AA—BB
ce C Cm>5 10-20em/s g )

e Lovv Flux means need large volume detectors sensitive to
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* Neutrino detectors: Super-K,
Hyper-K, Ice-Cube, PINGU

What about Point Sources!



EUCOS | ED DM FROM HESES

* Time evolution of number density of DM particles in sun is:

dN,
dt

+ Cc: capture rate by nuclel inside Sun

L Cc oL (Cs ge! Ce)NX o (Ca, oL Cse)Ni Chen, Lee, Lin & Lin(2014)

+ Cs: capture rate by DM already captured in Sun

+ Ce: bEvaporation rate due to DM-nucler scattering

+ Cse: evaporation rate due to DM-self interaction Kong, GM & Park, 2014
%
L, . N \ velocity
+ Ca: annihilation rate T dibion

v interactions

* Sun Is point source

Berger et al (arXiv:1410.2246) Ly De:ci:or



C. taﬂh(t/Teq) — 1
Te_ql ¥ < (Cs = Ce) tanh(t/Teq)/Q

Nt mp=0.2 GeV, my=20 MeV, e=10"*, gx=0.5

10%;
40 | AT
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Importance of Self-Interaction
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0.1 cm?®/g < 744 < 1.25 cm /g

(a)
Kong, GM & Park, 2014. R



Flux of boosted DM particles

* Flux of boosted P from the Sun:

doSwm  T%4 dNp s _ Ya o
ClEB & 47TR%un dEB e 2 VA
dN g
e R

\

* Annihilation of Pa produces 2 mono-energetic boosted YPg's

* Take into account other factors, e.g. energy loss of the Pg particles
during propagation through the sun

Kong, GM & Park, 2014.



EETEC 1 ION OF BERS

* large volume neutrino detectors detect: Ve — € P

Hyper-Kamiokande detector

- esSe o o e

1450m

2450m
2820m

www.hamamatsu.com [available : 04/01/15]

Hype = K cerncourier.com [available : 04/01/15]
PINGU/Ice-Cube

* In same light BDM detected through ge™ — ¥pge™
* Energetic electrons would produce Cherenkov light

* BDM signal seen as single Cherenkov ring


http://pprc.qmul.ac.uk
http://www.hamamatsu.com
http://cerncourier.com

* Focus on Super-K, Hyper-K and PINGU.

Experiment VOILE Ethres(GeV) res(deg)

(MTon)
Super-K RO, 0.01 3
Hyper-K 0.56 0.01 3
PINGU 0.5 | 5
lce-Cube | 000 |00 30

* Angular resolution and energy threshold important for distinguishing
Neutrino backgrounds



Signal Rates

10 /Otarget ‘/exp QFﬁA /E;nax do_Be‘—)Be_

dE.
7TL}{2() 4Lﬂi[2%1“1 lggnhl Cil?e

Kong, GM & Park, 2014.

* For Super-K
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* For Hyper-K

* For PINGU
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Experimental Reach

* 20 sensitivity for |0 years of Data. Kong, GM & Park, 2014,

2 reaches lor =20 McV. Mi ] A ”~J ex=0.5 : : . . . - —
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* Left Edge: mg> my Top Edge: number density npm

* Right Edge: Emax > Emin Bottom Edge: Evaporation I.e. drop in NaA®



CONCLUSIONS & ONGOING WORK

* DM might be more complicated than previously thought.
* Multi-component scenarios, very well motivated.

* Self-interaction provides insight into several unanswered cosmological
questions.

* Self interaction Important => helps enhance flux of Boosted DM.
» Consider lce-Cube/PINGU:

* Effective volume Ves(E).

* Angular res Ores(E).

* Proper modeling of energy loss inside Sun.



MEEnSIcEer detection In lce-Cube deep core and next generationisiEiNEe:

- We consider effective volume and angular resolutions as functions of

energy of Incoming particle.

Triggered & Contained
| | PRELIMINARY

0.1

we |C2011 DC Contained
s PINGU Contained
y X 1 . .
0 ey €3 _cels®

Clarke et al [PINGU/Ice-Cube collaboration] 2012

003005

E. K. Ahmedov [arXiv: 1205.7071v1] 2013
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Preliminary Results

Boosted DM from the Galactic Center
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Kong, G.M & Park, in Progress.
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Nsiglyear for PINGU, NFW, m,=50 MeV, e=10"2
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BACK UP



BACKGROUND

* Most background comes from Atmospheric Neutrinos.

most uniform In the sky. ven — e p

8 Vea:p
Npao = AT 922/year(224 : 104m3) For Super-K & Hyper-K
Npg = AT 14100/ year( Yeap ) For PINGU
g s X 10om3’ "

* Background reduction dependent on resolution:

1 —cosf,.q
Np& = > NBa

30

Ngpa
= 0.63/year Hyper K: N 15.8 /year

EEINGLU): N]%% = 562 /year



Event selection

* Boosted DM particles have mono-energetic spectrum, while
atmospheric neutrinos have continuous energy spectrum.

* Absence of Muon access, YPe-electron scattering has no Muon
access, but Neutrino CC interactions have large Muon access.

vy — U p
* Multi-ring veto, Pg-electron scattering induces single-ring

events while neutrino scattering induces multi-ring events.

» Solar Neutrino veto, Solar neutrinos dominate background so
we choose electron Energy > |00 MeV.



